Abstract: Surface and electrical properties of two flexible and cross-linked epiclon based polyimide films were investigated. Surface tension measurements indicate an increased hydrophobicity due to both isothermal treatment -which induces imidization and cross-linking -and to the chemical structure, characterized by the different number of ether linkages in the polyimide backbone. Morphology of film surfaces, modified by plasma treatment, shows high roughness and, implicitly, improved adhesion, as required in electronics. The studied polyimides exhibit low dielectric constants and dielectric losses, comparatively to conventional aromatic polyimides. The electrical conductance and resistivity characteristics of these polymers recommend them as good insulators for dielectric layers in microelectronic applications.
Introduction
Polyimides represent a special class of polymers which, due to their outstanding thermal, mechanical and electrical properties, have found widespread applicability, from microelectronics to aerospace industry [1] [2] [3] [4] . They differ from other high performance polymers by the solubility of their poly(amic acid) precursor form, which can be cast into uniform films and quantitatively converted to polyimide [5] .
The increasing importance of polyimides in the manufacturing of integrated circuits has motivated numerous investigations devoted to dielectric materials [6] [7] [8] [9] . Of utmost importance in microelectronic applications is the low value of the dielectric constant, the low interfacial stress, the good adhesion to the substrate and the reduced moisture absorption. In electronic packing, the low dielectric materials minimize cross talk and maximize signal propagation speed in devices. Literature describes different strategies for dielectric constant reduction, such as: (1) incorporation of diamine and dianhydride reactants, which minimize polarizability, (2) incorporation of diamine and dianhydride reactants, which impart a high degree of free volume, and (3) incorporation of specific atoms into the molecular structure of the polyimide, which lower moisture absorption [5] . According to Yamazaki et al., cross-linking in a polyimide may lead to a porous structure, giving films with a low dielectric constant [10] .
However, conventional polyimides, which are wholly aromatic, although thermally stable, do not always provide the optimum properties for many specialty applications, due to some deficiencies in processability, solubility, and transparency, and to their relatively high dielectric constant. Poor thermoplastic fluidity and solubility are the major problems in the application of conventional polyimides [11] , which renders their processing difficult and considerably restricts their commercial uses. Various attempts have been made at overcoming these deficiencies, including the use of non-coplanar monomers and the introduction of flexible segments into the polymer backbone [12] [13] [14] [15] . Such strategies aim at reducing chain crystallinity, the intermolecular charge-transfer and the electronic polarization interactions. An alternative, successful approach involves incorporation of pendant groups into the rigid polyimide backbone [13] . These works have shown that the presence of bulky groups could effectively prevent the coplanarity of aromatic rings and reduce the packing efficiency of the molecular chains, without affecting the thermal properties.
Incorporation of aliphatic or cycloaliphatic monomers to form partially aliphatic polyimides has been used to counteract some of the shortcomings of the wholly aromatic polyimides [16, 17] . Compared to conventional polyimides, the partially aliphatic ones offer an unique combination of qualities, such as: lower dielectric constant, good transparency and higher flexibility and, implicitly, better processability. Introduction of an aliphatic unit into the polyimide backbone would facilitate fewer polymer-polymer interactions and enhance solubility in organic solvents [18] . Also, the combination of imide units, aromatic rings, flexible bonds and epiclon (5-(2,5-dioxotetrahydrofurfuryl)-3-methyl-3-cyclohexene-1,2-dicarboxylic acid anhydride) moieties in the same macromolecule would yield new polyimides, providing a compromise between processability, on one side, and the physical and thermal characteristics, on the other [19, 20] .
In previous papers, the conformational characterization in dilute solution [21] , the hydrophobicity/hydrophilicity balance, the surface free energy [22] and the electrical properties [23, 24] of some epiclon-based polyimides were studied versus their corresponding poly(amic acid)s. In this work, novel cross-linked partial aliphatic polyimides based on epiclon have been prepared by thermal imidization of the corresponding poly(amic acid)s, and the influence of the chemical structure on the electrical and surface properties of these compounds has been evaluated.
Results and discussion
Most electronic applications require specific characteristics, such as wetting and roughness, for granting good adhesion, refractivity, absorption and insulation characteristics. The effects of the structural modifications induced by the two different diamines and by thermal imidization, respectively, on the surface and dielectric properties, were investigated as to the suitability of these compounds for microelectronic applications.
Surface tension properties
The methods used for the determination of surface tensions are based on contact angle measurements between the liquid meniscus and the polymer surface. Table 1 lists the contact angles between polyimide films and double-distilled water, 1-bromnaphthalene and formamide.
The experimental data for the surface tension components were obtained by the geometric mean method (GM) (Eqs. (1)- (3)) [25] [26] [27] , as well as by the acid/base method (LW/AB) (Eqs. (4)- (7)) [28] [29] [30] 
where θ is the contact angle determined for three liquids, subscripts "lv", "sv" and "sl" denote the liquid-vapor, surface-vapor and solid-liquid interfacial tensions, respectively, while superscripts "p" and "d" denote the polar and the disperse components, respectively, of the total surface tension, sv γ . [31, 32] . Della Volpe et al. [33] show that an improper utilization of the three liquids, without dispersive liquids, or with two prevalently basic or prevalently acidic liquids strongly increases the ill-conditioning of the system. The different estimates of the acid-base components, obtainable for the same solid by different triplets of liquids, do not necessarily imply that this method is inconsistent, but may simply reflect the large inaccuracies affecting the results, as due to ill-conditioning. Also, literature postulated [34] that contact angles should be measured with a liquid of surface tension higher than the anticipated solid surface tension, i.e., sv lv γ > γ . Eq. (4), written for three liquids, leads to a three equation system for determining the surface tension components. In our investigation, this system was simplified to two equations, because, according to Table 2 , 1-bromo-naphthalene is an apolar solvent. Table 3 shows the results for the surface tension components evaluated with both methods. The electron-donor and electron-acceptor parameters obtained by the acid/base method were also presented.
Tab. 2.
Surface tension components and electron-donor and electron-acceptor parameters (mN/m) of the liquids used for contact angle measurements. (1)- (3)), and the acid/base method (Eqs. (4)- (6) Previous data [22] show that the absence or presence of methylene groups, and the number of aromatic rings in the structural unit of polyimides based on epiclon do not essentially modify hydrophobicity, comparatively with the ether linkages, which leads to a lower polar component. The maximal hydrophobicity of the polyimides with ether linkages would be advantageous for dielectric performance, since the absorbed water causes a significant increase in the dielectric constant and, implicitly, considerable degradation of the adhesion to different inorganic interfaces in electronic packaging. The thermal treatment of the poly(amic acid) precursors, corresponding to polyimides PI1 and PI2, additionally leads to cross-linking, as due to the special structure of epiclon, which assures stabilization, known as essential for obtaining flexible films. Thus, surface tension measurements indicated reorganization of the hydrophobic groups on the polyimide surface after cross-linking (Table 3) , comparatively with the samples not subjected to any isothermal imidization treatment [22] .
The effects of the chemical structure and surface properties on polyimide applications can be evaluated from the interfacial tension sl γ (Eq. (3) or Eq. (7)) between the polymer film and water, and also from the surface free energy, w G Δ , expressing the balance between surface hydrophilicity and hydrophobicity ( 
Surface morphology
Atomic force microscopy (AFM) was used to examine the film surface and to measure its surface topography. Figures 1 and 2 plots the bi-and three-dimensional structure, respectively. The film surface is covered with submicrometer-scaled granules. When the film is examined at nanoscale, the surface shows a root-mean-square (rms) roughness of the 0.505 nm order, over an area of 3x3 μm 2 . Height profile analysis (the small plot from Figure 1b ) along the horizontal line from Figure 1a characterizes the topography of the surface and measures an average height of 2 nm (Figure 1b) . The surface morphology and roughness of the polyimide film derive mainly from the characteristics of the polymer chains that govern aggregation and molecular ordering, which occur during drying and thermal imidization processes. The plasma treatment effect of the PI1 film, illustrated by AFM images (Figures 3 and  4) and the surface profile (Figure 3b ), shows modification in surface topography, reflected by a higher rms roughness of the 5.105 nm order. According to previous data [22] , the plasma treatment decreases hydrophobicity, yet the effect is reversible after 10 days.
Also, Figures 3a and b reveal that the plasma treatment damages the polymer surface, generating chemical defects and modification of the morphological structures. Thus, plasma intensifies roughness, a phenomenon which remains constant in time, so that granule height, shown in height profile, increases from 3 nm to 30 nm, or, as plotted in the histogram, the average height increases from 2 nm to 20 nm (Figures 2 and 4) .
Roughness is also discernible for the PI2 film in Figures 5 and 6 . The figures show that the rms surface roughness is of the 2.037 nm order, and also that the plasmatreated sample increases this parameter up to 9.623 nm, thus modifying the height profile and average height from 12 to 45 nm, and from 6 to 25 nm, respectively. AFM studies support the conclusion that enhancement in roughness is generated by a structural peculiarity of the polyimides obtained by introducing different diamine structures in the synthesis, and by plasma treatment, as well. Thus, an increasing number of ether linkages in the vicinity of the phenylenic units increases roughness and, implicitly, determines better adhesion of the polyimide films. 
Ellipsometry data
The dependence of the ellipsometric parameters Ψ and Δ on the incidence angle α is important for establishing a correct mathematical relationship for the determination of the optical constants (Eqs. (9) and (10)).
where 1 n is the refractive index of the air and ' 2 n is the complex refractive index, related to the refractive index of the polymer, 2 n , and to the extinction coefficient, 2 k (Eq. (11)).
The Ψ and Δ measured values and the optical constants 2 n and 2 k are listed in Table 5 .
Tab. 5. Ellipsometric parameters measured at different incidence angles, the refractive index and the surface extinction coefficient for PI1 and PI2 films. The refractive indices are easily influenced by the diamine structures used in the synthesis, showing values corresponding to transparent materials, while the extinction coefficients show that the investigated samples exhibit small absorption. Also, the refractive indices obtained by this method agree with those obtained from theoretical evaluations, where 2 n = 1.615 for PI1 and 2 n = 1.611 for PI2 [23] .
The refractive index allows evaluation of the dielectric constant in the visible domain, by Maxwell equation (12) , according to Table 6 .
Electrical properties
The dielectric constants corresponding to the dipolar polarization, dipolar ε , experimentally determined from the electrical capacitance values, over a frequency range between 1-100 kHz, according to Eq. (13), are also presented in Table 6 :
where d and S represent thickness and area of the sample, respectively, C is electrical capacitance and 0 ε = 8.854·10 -12 F/m represents absolute permittivity.
Capacitance is constant at different electrical tensions, decreasing with increasing frequency. Also, the dielectric constant exhibits a small decrease with angular frequency, ω, in both microwave and optical domains.
Another factor affecting the dielectric behavior of a material is its chemical structure, known as influencing charge distribution and motion of dipoles. Previous data [39] show that the dielectric constants obtained for poly(amic acid) precursors and from partially aliphatic epiclon-based polyimides are low, reflecting the influence of the different binding structures. Increase of the methylenic groups or the presence of ether linkages in the chemical structure of poly(amic acid)s and of their corresponding polyimides leads to a small decrease of the dielectric constants. For these samples, large differences were observed between the dielectric constants at low (1 kHz) and high (~ 10 14 Hz) frequencies, while with increasing the methylenic groups or in the presence of ether linkages, the extent of such variation decreased. On the other hand, Table 6 shows that cross-linking of epiclon-based polyimides leads to a small increase of the dielectric constant towards the low frequency region, comparatively with the poly(amic acid), a case in which a larger difference between the dielectric constant at high and low frequencies is observed. The small differences observed between the dielectric constants of PI1 and PI2 could be the result of a possible modification of the free volume, as induced by their different structure [40] [41] [42] . Thus, according to FTIR analysis, the disappearance of amide and carboxyl absorptions indicates a virtually complete conversion of the poly(amic acid) precursor into the polyimide PI2, while PI1 revealed characteristic absorption bands of the imide ring together with two residual amide absorption bands. In the latter case, poly(amic acid) film might not be completely converted into imides, and the corresponding PI1 film could be slightly polar than PI2, leading to modification of dielectric constants.
To investigate how easily electricity flows along a certain path through the studied polymers, the dependencies between electrical conductance, G, and electrical tension were also studied over the 1-100 kHz frequency domain. Electrical conductance takes values between 10 -8 -10 -10 S, indicating that, according to Table 7 , the investigated polymers appear as dielectrics. To evaluate the rate of power loss in the form of heat, the dissipation factor ( δ tan ) was calculated as:
where ω is the angular frequency. Table 7 , showing the dielectric loss dependence on angular frequency, over the 1-100 kHz domain, allows the following observations:
-introduction of different diamines containing one or two ether linkages in the vicinity of the phenylenic units induces lower values of the dielectric loss;
-the dielectric losses of the PI1 and PI2 samples are slightly lower than those of the conventional polyimides with aromatic structure, described in literature [5] ;
-the dielectric loss increases as the logarithm of angular frequency increases, reaching a maximum at approx. 4.8 (value corresponding to frequency about of 7 kHz), after which it slightly decreases. This conclusion, despite the few experimental data, is supported by literature [5] which shows a similar behavior for conventional aromatic polyimides at 21 °C; for these polyimides, the maximum value of the dielectric loss was observed in range of 1 -100 kHz is 0.018, at approx. 20 kHz. The maximum of δ tan can be associated with the onset of cooperative mobility of the chain segments [43] .
Apart from the dielectric properties, a high resistivity indicates a material that does not readily allows movement of the electrical charge. A classical example of a good dielectric property is that of glass, where 14 10 10 -10 = ρ Ω m. For both studied polyimides, the resistivity values (Table 7 ) calculated from the current -voltage characteristics are high, corresponding to good dielectric polymers. In addition, it was observed that, for the PI2 film, the electric current intensity is close to zero, which recommends it as a very good insulator.
Conclusions
Two new cross-linked flexible polyimide films based on epiclon, prepared by thermal imidization of the corresponding poly(amic acid)s, have been studied by the contact angle method for their surface properties, atomic force microscopy and ellipsometry. Surface properties indicate a higher hydrophobicity in cross-linked polyimides, with increase in the number of ether linkages.
AFM studies on surface morphology and topography revealed the presence of roughness, generated by the structural peculiarities of the samples, and intensified by plasma treatment.
Ellipsometry data show that the cross-linked polymers have low extinction coefficients and refractive indices corresponding to transparent materials, the latter ones being slightly influenced by the chemical structure of the used diamines. Both polymers present small dielectric constants, which slightly increase towards the low frequency region, so that the studied polyimide films can be considered as dielectric layers in the microelectronic industry. According to electrical resistivity measurements, the polymers become better insulators if the number of ether linkages increases.
Experimental part

Polymer synthesis
Epiclon (5-(2,5-dioxotetrahydrofurfuryl)-3-methyl-3-cyclohexene-1,2-dicarboxylic acid anhydride), an asymmetrical flexible alicyclic dianhydride (Merk, 98% purity), has been used as a raw material for polyimides, to enhance their solubility and to render some new properties of theirs [44, 45] . The poly(amic acid) precursors were synthesized by the reaction of epiclon with 1,4-(p-aminophenoxy)benzene (1) and 1,4-bis(p-aminophenoxy)benzene (2), respectively, in N-methylpyrrolidinone (NMP) as solvent, under inert atmosphere. Concentration of the reaction mixture was adjusted to 20 % total solids. The reaction, performed at 15-20 °C, led to the corresponding poly(amic acid)s. Polyimide films were prepared through imidization of poly(amic acid) films cast on a glass substrate, which was placed overnight in an 80 °C oven to remove most of the solvent. The semidried poly(amic acid) films were further dried in an oven and transformed into polyimides, by the following heating program: 120 °C, 160 °C, 180 °C, 210 °C and 250 °C for 1h at each temperature. After stripping the films in hot water, the resulting samples were dried at 65 °C in a vacuum oven for 24 h.
The thermal imidization leads to cross-linked, partially aliphatic polyimide films, since the special structure of the epiclon dianhydride (Scheme 1) [46, 47] is different from that of conventional polyimides. Structures of the polyimides were verified by FTIR spectroscopy. The characteristic absorption bands of the imide ring were observed near 1780 (C═O asymmetric stretching), 1720 (C═O symmetric stretching), 1380 (C-N stretching), 1120 and 740 cm -1 (imide ring deformation). The aryl ether stretching absorbed near 1240 cm -1 . The disappearance of amide and carboxyl absorptions indicates a virtually complete conversion of the poly(amic acid) precursor into the polyimide PI2. The polymer PI1 revealed characteristic absorption bands of the imide ring together with two residual amide absorption bands at 1655 cm -1 (amide 1) and at 1520 cm -1 (amide 2). In this case poly(amic acid) film could not be completely converted into imide.
Contact Angle Measurements
Both polyimide films thus prepared were subjected to surface analysis. As probe liquids, double-distilled water, 1-bromo-naphthalene and formamide, purchased in the maximum obtainable purity, were used. Uniform drops of the test liquids, with a volume of 1 μ L, were deposited on the film surface, and the contact angles were measured after 30 s on a video-based optical contact angle measuring device equipped with a Hamilton syringe, in a temperature-controlled environmental chamber. All measurements were performed in the atmosphere, at a temperature of 25 °C. Five repeated measurements of a given contact angle were performed, the errors recorded being within 3 ± 0 . The errors can be higher than the values published in literature, due to the problems encountered in obtaining uniform, defectfree films with correct thickness for polyimides [48] .
Atomic force microscopy measurements
The AFM images were taken in air, on a SPM SOLVER Pro-M instrument. A NSG10/Au Silicon tip with a 35 nm radius of curvature and 255 kHz oscillation mean frequency was used. The apparatus was operated in semi-contact mode, over a 3x3 m μ scan area, 256x256 scan point size images being thus obtained.
Plasma treatment
The samples were plasma-treated, by exposing the polymer films to low temperature and low pressure glow discharge. Cold air plasma was produced using a 1.3 MHz high frequency system, with 3000 V/cm intensity, 0.58 mbarr pressure and 100 W power, equipped with inner aluminium electrodes. Duration of the plasma treatment was of 10 min, the AFM measurements being performed immediately after it, and also after 10 days.
Ellipsometry measurements
The refractive index, 2 n , and the extinction coefficient, 2 k , of the polyimide films were evaluated on an EL X-01R ellipsometer, using the monochromatic red light from a He-Ne laser ( = λ 632.8 nm). The method allows evaluation of these parameters from the correlation among the incidence angle, α , amplitude of the reflected and incident electric field ratio, Ψ , and their phase difference, Δ , according to Eq. (15) . 
where p r and s r are the complex Fresnel reflection coefficients of the sample, and subscripts "p" and "s" refer to the component of the electric field parallel and perpendicular to the incidence plane. These coefficients provide the desired information on the polyimide optical properties.
Dielectric constant measurements
The capacitances and I-U characteristics from which the dielectric constants and the electrical resistivities were determined, as well as the electrical conductances were experimentally measured, at room temperature, with an AGILENT 42633 LCR METER apparatus. The films were put into contact with a capacitor at the following frequencies: 1 kHz, 10 kHz and 100 kHz. The capacitor consists of a contact made of silver paste, which covers one side of the film, and is placed on an alumina ceramic wafer, and an aluminum contact deposited through a metallic mask, on the other. A traveling microscope was used for the determination of the capacitor areas (~4 mm 2 ). The thickness of the films was measured by means of a stylus profilometer and found to be 41 μ and 39 μ for PI1 and PI2, respectively. The accuracy of the dielectric constant calculation is assessed for 5 % error of capacitance measurements.
At optical frequencies, the dielectric constants were determined from the refractive indices experimentally evaluated from ellipsometry measurements.
